Background and Purpose: Pneumonitis and fibrosis constitute dose-limiting side effects of thorax
Introduction
Radiotherapy is a mainstay for the treatment of cancer patients. Unfortunately, the high intrinsic sensitivity of normal tissues often precludes the application of curative radiation doses. As an example, radiation-induced pneumopathy is still a major obstacle in the treatment of thoraxassociated neoplasms [1] [2] [3] [4] . Consequently, the combination of radiotherapy with drugs protecting the normal lung tissue from the toxic effects of radiotherapy could be an effective strategy for improving treatment outcome. However, no biology-based strategy to specifically prevent or treat radiation-induced pneumopathy has been approved to date, so that a symptomatic antiinflammatory therapy remains standard of care [5] . Although considerable progress has been made during the last decade in defining disease biomarkers [5, 6] and involved molecular factors, e.g. transforming growth factor ß (TGF-ß), intracellular adhesion molecule 1, platelet derived growth factor, as well as the death receptor CD95 and its ligand [7] [8] [9] [10] , the network of pathophysiologic events linking acute tissue damage to chronic inflammation and fibrosis requires further definition.
Because of the complexity of the involved cellular systems and soluble factors these investigations can only be performed in vivo. Here, we characterize radiation-induced changes in resident cells and recruited immune cells upon thorax irradiation and defined the role of lymphocytes for fibrosis development in a murine model.
Material and Methods

Mouse strains
Eight-to-twelve weeks-old C57BL/6 wild-type mice (WT; Charles River, Sulzfeld, Germany) or with a homozygous deletion of recombination-activating gene 2 (RAG-2 -/ -) [11] were enrolled in the study. Mice were housed in a standard barrier facility at a room temperature of 20-22°C with a 12-hour light/dark cycle. Food and drinking water were provided ad libitum. All protocols were approved by the Universities Animal Protection Boards in conjunction with the Regierungspräsidium Tübingen (R 1/04) and the Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen (G 1094/09).
Irradiation
Mice were anesthetized with 2% isoflurane, placed in holders and irradiated with a single dose of 0 Gy (sham) or 15 Gy over their right hemithorax, using a linear accelerator (dose rate 4.7 Gy/min).
Alternatively, whole thorax irradiation (15 Gy) was performed with a Cobalt-60 source (dose rate 0.5 Gy/min). Non-irradiated parts of the body were shielded with 6 cm of lead. Mice were sacrificed at days 1, 3, 10, 21, 42, or 168 post-irradiation and bronchoalveolar lavage fluid or lung tissue were collected for further analysis.
Bronchoalveolar lavage (BAL)
To obtain BAL fluid (BALF), a horizontal incision was made in the dissected tracheal tube. A syringe needle was connected and fixed by two surgical knots and the lungs were lavaged three times with 0.5 mL PBS. All fluid collected from one mouse was pooled, centrifuged and aliquots of the supernatant were stored by -20 ˚C for determination of albumin, cytokines, and caspase-3/7-activity. Cell pellets of each treatment group were pooled and cell differentiation was performed in Advia 120 automated flow cytometry (Siemens Healthcare Diagnostics, Eschborn, Germany).
Determination of albumin leakage
Albumin levels in thawed BALF were determined using the Albumin ELISA Quantitation Kit
Mouse (Bethyl Laboratories, Montgomery, USA) according to manufacturer's instructions. Shortly, 100 µL 1:500 and 1:1000 PBS-diluted BALF as well as standard probes were added in duplicates to the wells coated with capture antibody and incubated for 1 h. Upon development, absorbance was recorded at 450 nm in a microtiter plate reader (Anthos Labtec, Krefeld, Germany).
Determination of apoptosis
Active caspase-3/7 was detected in BALF using Caspase-Glo 3/7 Kit (Promega, Mannheim, Germany). 10 µL undiluted BALF or 10 µL serum, diluted 1:2 in Caspase-Glo dilution buffer, were incubated with the caspase substrate DEVD-luciferin and luciferase reagent for 3 h at room temperature. The sample luminescence was measured and calculated as the increase relative to untreated controls.
Myeloperoxidase assay
Pulmonary innate immune cell recruitment was quantified in lungs perfused with PBS using a myeloperoxidase (MPO)-assay as described elsewhere [12] . In this assay, MPO activity is determined using a colorimetric reaction with o-dianisidine. Absorbance was measured at 450 nm and results presented as difference in optical density over 5 min (ΔOD).
Cytokine array
The cytokine pattern in BALF was analyzed using the Proteome Profiler Mouse Cytokine Array, 
Immunohistochemistry
Mice were euthanized and lungs were isolated without or after intratracheal perfusion with 4%
(wt/vol) paraformaldehyde (PFA) in PBS (pH 7.2) and fixed overnight in the same solution. Upon dehydration, lungs were embedded in paraffin and sectioned in 5 µm slices. For electron microscopy, tissue was fixed with 2.5% glutaraldehyde in 0.1M cacodylate, contrasted with OsO4, uranylacetate and lead citrate and investigated on a Zeiss EM902. Images were acquired on a MegaViewII slow-scan-CCD camera using ITEM® 5.0 software (Soft-imagingsystems, Münster, Germany).
Semithin sections (0.5 µm) of glutaraldhyde-fixed tissue were dried and stained with toluidine blue 1%, methylene blue 1% and Azur-II 1% solution in water pH 8.0 plus 1% sodium tetraborate.
Phenotyping of T-lymphocyte subpopulations
The lungs were digested in 0.2 mg/mL Collagenase D/Dispase at 37 °C and the cell suspension 
Data analysis
If not otherwise indicated, analyses were made in triplicate and mean values were used for analysis of standard deviation (SD), standard error (SE), and statistical significance (ANOVA statistical test; student t-test) using GraphPad InStat (La Jolla, USA).
Results
We have recently shown that the death receptor CD95 and its ligand participate in the pathogenesis of radiation-induced pneumonitis in mice [9] . Because of the role of CD95 and CD95-ligand in apoptosis regulation, we analysed whether single dose hemithorax irradiation would trigger apoptotic cell death during evolving pneumonitis. Interestingly, apoptosis was clearly detected in the tissue of irradiated and shielded lungs (Fig. 1A) and in BALF collected from the whole lung ( [13] .
Surprisingly, the levels of several cytokines involved in the recruitment, proliferation and/or activation of CD4 + T-cells, particularly T H 17 cells, were also largely increased by day 21 postirradiation in the BALF of irradiated mice (Fig. 3D) . We therefore analysed whether lung irradiation would affect the composition of T-lymphocyte subsets recruited to the irradiated lung tissue.
Interestingly, thorax irradiation triggered a time-dependent increase in the fraction of CD4 + /CD25 + activated T lymphocytes until day 21 post-irradiation, among them IL-17 + cells and FOXP3 + cells (Fig. 3E) . The results however, did not reach statistical significance, probably due to low sample number. Nevertheless, those data suggested that specific T-lymphocyte subsets may participate in the regulation of tissue inflammation and repair induced by thorax irradiation. To gain more insight into the role of T-lymphocytes we analysed in a last set of experiments whether the late effects of thorax irradiation would be altered in RAG-2 -/-mice. Due to a total inability to initiate V(D)J rearrangement, RAG-2 -/-mice fail to generate mature T-and B-lymphocytes [11] . For these investigations we used whole thorax irradiation with 15 Gy instead of hemithorax irradiation as this treatment modality has been described to readily induce lung fibrosis in C57BL/6 mice [14, 15] . In contrast, in our hands hemithorax irradiation with 12.5 to 15 Gy was below the threshold for lung fibrosis. A pronounced collagen deposition was only observed upon hemithorax irradiation with 22.5 Gy (Eldh et al., 2011 unpublished data), a dose that was however linked with a mortality rate of 15%. Surprisingly, enhanced collagen deposition and increased numbers of fibrotic foci were detected by day 168 after whole thorax irradiation in the lung tissue of RAG-2 -/-mice when compared to irradiated WT mice (Fig. 4) . This reveals an increased sensitivity of RAG-2 -/-mice to radiation-induced lung fibrosis.
Discussion
Our study demonstrates that thorax irradiation affects tissue integrity and triggers specific timedependent changes in resident lung cells and recruited inflammatory cells. Importantly, we provide evidence that mature lymphocytes participate in the protection against radiation-induced lung fibrosis.
At first, we observed increased apoptosis in the lung tissue and enhanced albumin leakage into the BALF of irradiated WT mice 21 days post-irradiation pointing towards disturbance of the lungs barrier function. These findings support earlier reports about delayed death or impairment of resident epithelial and/or endothelial cells leading to a loss of barrier function in the irradiated lung tissue [5, 16, 17] . Interestingly, increased apoptosis was observed in both, the irradiated and the shielded lung tissue. This is reminiscent of earlier findings about spreading of radiation-induced lung inflammation to non-irradiated areas of the lung tissue [5, 9] and suggests that apoptosis in the shielded lungs is a result of a secondary systemic effect induced by circulating immune cells or soluble proapoptotic factors, e.g. death receptor ligands.
Furthermore, we demonstrate the formation of lipid-loaded resident cells upon hemithorax irradiation. The appearance of foamy macrophages in the BALF of irradiated C57BL/6 mice has already been observed in an earlier study [17] . However, here we show for the first time that radiation-induced formation of lipid droplets is not restricted to BALF-macrophages but is also found in tissue macrophages as well as in resident endothelial cells. This suggests a more general disturbance of lipid metabolism in the irradiated lung. Though, the functional relevance of lipid droplet formation for radiation-induced pneumopathy remains to be defined. We speculate that as biomarkers for radiation-induced pneumopathy in patients [18, 19] . Moreover, a time-dependent increase in tissue levels of TGF-ß, tumor necrosis factor-α, IL-1ß, and IL-6 mRNA as well as of MCP-1 and 3 and MIP-1γ proteins levels has been described in irradiated mice [13, 17, 20] .
However, here we show for the first time that thorax irradiation triggers prominent changes in the protein levels of the macrophage-associated and CD4 + T-lymphocytes/T H 17-associated cytokines MIP-2, IL-16, IL-17, IL-23 and IL27 in the BALF. In line with this observation, we found an increased recruitment of activated CD4 + T-lymphocytes into the lung tissue until day 21 postirradiation. It is known from preclinical and clinical studies that T-lymphocytes constitute a significant part of immune cells infiltrating the lung tissue upon thorax irradiation [13, 17, 21, 22] .
Moreover, increased numbers of activated T-lymphocytes in the BALF were found to correlate with the onset of radiation-induced pneumonitis [23] . Here we show for the first time that CD4 + CD25 + IL-17 + and CD4 + CD25 + Foxp3 + expressing cells are recruited to the lung tissue of irradiated mice. Even more important, the lack of mature T-and B-cells increased the sensitivity of RAG-2 -/-mice to radiation-induced lung fibrosis. This observation suggests that lymphocytes recruited to the lung tissue are key players in the regulation of lung inflammation and fibrosis in response to thorax irradiation and that they may be required to keep in check cells of the innate immune system, e.g. macrophages, or of the adaptive immune system which otherwise may exert tissue-destructive effects [24] . In support of this hypothesis, selective depletion of CD4 + T-cells in irradiated rats caused a significant reduction in the thickening of lung parenchyma during the pneumonitic phase [25] . The obvious dual role of lymphocytes for radiation-induced pneumopathy is reminiscent of results obtained in the model of bleomycin-induced pneumopathy [26, 27] and requires further definition.
In conclusion, thorax irradiation triggers a delayed disturbance of tissue integrity and the formation 
